Graphene has attracted a lot of attentions due to the unique electrical and optical properties. Compared with the noble metal plasmons in the visible and near-infrared frequencies, graphene can support surface plasmons in the lower frequencies of terahertz and mid-infrared and it demonstrates an extremely large confinement at the surface because of the particular electronic band structures. Especially, the surface conductivity of graphene can be tuned by either chemical doping or electrostatic gating. These features make graphene a promising candidate for plasmonics, biosensing and transformation optics. Furthermore, the combination of graphene and metasurfaces presents a powerful tunability for exotic electromagnetic properties, where the metasurfaces with the highly-localized fields offer a platform to enhance the interaction between the incident light and graphene and facilitate a deep modulation. In this paper, we provide an overview of the key properties of graphene, such as the surface conductivity, the propagating surface plasmon polaritons, and the localized surface plasmons, and the hybrid graphene/metasurfaces, either metallic and dielectric metasurfaces, from terahertz to near-infrared frequencies. Finally, there is a discussion for the current challenges and future goals.
Introduction
raphene, a single layer of carbon atoms arranged in honeycomb structures, has attracted extensive attentions since the advent of free-standing graphene sheets in 2004.
)
Because of the linear dispersion relation of Dirac electronic states, graphene demonstrates the unique electrical and optical properties, 2 , 3 ) such as high carrier mobility, broadband operation, and a tunable band gap, which make it a fantastic material for photonics and optoelectronics. 4 -6 ) The optical response of graphene can be described by the surface conductivity which is originated from the contributions of inter-band and intra-band transitions, related to the chemical potential or Fermi level. 7 , 8 ) In the near-infrared and visible frequencies, the graphene manifests a strong absorption caused by the inter-band transitions. 7 , 9 ) In the terahertz and mid-infrared frequencies, the graphene behaves as an ultrathin metal film, supporting the surface plasmon polaritons (SPPs) with the greatly enhanced local fields at the graphene surface. Compared with the conventional metal palsmons primarily working in the visible frequencies, the SPPs in graphene demonstrate a stronger confinement and lower loss, that is, an extremely short wavelength and a long propagation distance. 1 
Most important, SPPs in graphene can be dynamically tuned by the chemical doping 1 4 ) or electrostatic gating. 1 
As a result, graphene has promising applications for high performance SPP-based nano-devices. 1 6 ) Due to the large mismatch between the wave vector of SPPs and the incident light, many methods, such as nanoemitters/tips scattering, and prism coupling, 2 8 , 2 9 ) have been proposed. However, the coupling efficiency in the above methods is very low. Alternatively, the structured graphene (sub-wavelength nanoparticles) can demonstrate localized surface plasmons (LSPs) resonance with a strongly confined local field at the surface of nanoparticles. Compared with the propagating SPPs, LSPs resonance is a non-propagating regime and can be directly excited by a light with appropriate polarization and frequency. Apart from the strong light-matter interaction for sensing applications, the structured graphene is capable of modulating phase and amplitude used in polarization converter, 3 8 , 3 9 ) optical activity and wavefront reshaping applications. The optical response for the monolayer graphene usually has a limited modulation depth due to the fact of single atomic thickness. To obtain a more powerful capacity of modulation, the hybrid graphene/metasurfaces have been proposed as a possible solution. 4 5 -4 8 ) Metasurfaces are composed of sub-wavelength scatters which can interact with the electric or magnetic field components of incident light to produce the desired responses, including the phase shift, amplitude and polarization. By arranging the spatial distribution of the designed scatters treated as the tiny secondary sources, the metasurface can arbitrarily manipulate the electromagnetic wavefront, leading to myriad applications, such as holograms, and abnormal refraction. 5 6 -5 8 ) Compared with the conventional optical components or bulky metamaterials 5 9 , 6 0 )
depending on the electromagnetic wave propagating in the bulky media to gradually accumulate the changes of wavefront, the metasurfaces can realize the abrupt changes in a sub-wavelength-thin thickness, endowing the superior advantages of miniaturization, lightening and thinning. A drawback of conventional metasurfaces is non-tunability after they were fabricated. The versatile functionality of metasurfaces depends on the unit cells which are implemented by metallic patterns or dielectric cubes based on the plasmonic or Mie resonances. It opens up an avenue to dynamically control light when the active graphene integrates with metasurfaces, which demonstrates more extensive application prospects, such as fast optical modulators, and other optical devices. 6 8 , 6 9 ) In addition, graphene is compatible with the nanofabrication technology and easy to be integrated into the nano/micro-sized metasurfaces.
This paper is organized as described below. In section 2, we overview the surface conductivity of graphene from terahertz to visible frequencies by the random-phase approximation (RPA) theory. In section 3, we introduce the propagating SPPs in graphene, including the characteristics, SPPs excitation, and SPPs hybridization. In section 4, we introduce LSPs in the structured graphene, modulation depth of absorption and electromagnetic applications, such as polarizer and meta-lens. In section 5, we overview the hybrid graphene/metallic metasurface working from terahertz to near-infrared frequencies, and the hybrid graphene/ dielectric metasurface mainly working in the near-infrared frequencies. In the last section, we provide some concluding remarks and present an outlook on future research directions.
Surface Conductivity of Graphene

Surface conductivity at terahertz and infrared frequencies
The optical response of graphene is derived from the dynamic surface conductivity closely related to chemical potential or Fermi level. It can be derived with the randomphase approximation (RPA) theory 8 ) and originate from the contribution of intra-band and inter-band transitions as below, (1) where e is the electron charge, k B is the Boltzmann's constant, ћ is the reduced Planck's constant, T is the temperature, and ω is the angular frequency of incident light. τ is the relaxation time and estimated by expression , where v f = 10 6 m/s is the Fermi velocity, u is the carrier mobility of graphene and ranges from 1000 cm 2 /Vs in chemical vapor deposition (CVD)
to 100 m 2 /Vs in suspended graphene.
is the Fermi level which translates to the carrier concentration of . In most cases, the Fermi energy E F is limited range of −1.0 eV to 1.0 eV as the consideration of device requirements to guarantee against the breakdown electric field of the gate dielectric. The first and second terms are attributed to the intra-and inter-band transitions, respectively. Figure 1 is the calculated results based on Eq. (1). In the terahertz and mid-infrared frequencies where the photonic energy is far below the double Fermi level ( ), the surface conductivity of graphene are dominated by the intra-band transitions ( Fig. 1(a) ). The inter-band transitions are diminished due to the presence of electrons and holes near the band edges (Pauli blocking). The surface conductivity can be reduced to 
When the Fermi level is , the surface conductivity is further simplified to .
From Eqs. (2) and (3), the graphene just behaves as a conductive film and can be described by a classical Drude model. As a result, the graphene can support the transverse magnetic (TM) polarized SPPs. The surface conductivity presents a linear relationship with the Fermi level E F . Note that a considerable loss caused by the intra-band transitions is inevitable in the terahertz frequencies ( Fig. 1(b) ) which can be utilized to modulate amplitude by the absorption in graphene instead.
However, in the mid-infrared frequencies, the surface conductivity approaches the minimum due to the Pauli blocking and a relatively large incident frequency, degenerating the inter-band and intra-band transitions ( Fig. 1(a) ). The imaginary part of conductivity becomes dominant over the real part, facilitating to support the transverse magnetic SPPs with an extremely low loss ( Fig. 1(b) ). In the terahertz and mid-infrared frequencies, the conductivity of graphene has a largely tunable range which is facilitated to largescalely tune the amplitude or frequency of the plasmon resonance when the graphene critically couples with the metasurface of enhanced local field. Besides, the very thin "metal" layer can be further tailored to different shapes to obtain the desired resonances and reshape wavefront.
For the numerical simulations, graphene is often modeled as an anisotropic medium with in-plane effective permittivity as (4) where ε 0 is the vacuum permittivity, t g is the thickness of graphene, is the plasm frequency. The out-plane effective permittivity is equal to the vacuum permittivity of ε e f f , n = 1.0.
Surface conductivity at near-infrared and visible frequencies
On the contrary, the inter-band transitions become a decisive factor ( ) in the near-infrared and frequencies, as shown in Fig. 1(a) . The free carrier scattering rate τ − 1 can be treated as zero due to the small quantity compared with the incident frequency. The real part of the surface conductivity is changed from 0 to e 2 /4ћ (universal optical conductivity) by electrically tuning Fermi level, which results in a modulation of absorption from 0 to 2.3% under the normal incidence. Obviously, the limited range of surface conductivity also limits the modulation depth of an isolated graphene, no matter for the transmission, reflection and absorption. 7 
)
To get a large modulation, the metasurface which can capture light from free space and offer a local filed enhancement in plane (two to three orders of magnitude larger than the incident field) is critical coupling with the tunable graphene. Besides, the imaginary part of the graphene permittivity becomes dominant over the real part so that the surface plasmons cannot be sustained at the graphene surface. In the visible frequencies, graphene can be visualized despite of only a single atom thick, due to a significant absorption πα = 2.3%, where α = 1/137 is the fine structure constant that describes coupling between light and electrons.
It is noted that the surface conductivity can also be tuned by the photonic excitation, 7 6 ) magnetic field 7 7 ) and strain mechanism, 7 8 ) in addition to the common electrostatic gating and chemical doping.
Propagating Surface Plasmon Polaritons in Graphene
Properties of SPPs
The SPP is a collective oscillation of conduction electrons or holes along the boundary surface of a metal or semiconductor under the drive of electric field component of an incident light. It can highly confine the plasmonic wave and strongly enhance the electric field in the vicinity of surface, promising applications for the light-mater interactions, such as chemical, biological sensing and surface-enhanced Raman scattering. As stated above, the graphene behaves as a metal film in the terahertz and infrared frequencies, i.e. it is capable of supporting transverse magnetic polarized SPPs. For the simplest dielectric/continuous graphene sheet (the size larger than SPPs wavelength)/dielectric prototype, the dispersion relationship of SPPs is given by
where β is the wave-vector of SPPs in graphene, ε In addition, the dispersion of SPPs is also influenced by the polar medium, where the surface optical phonons couple with the SPPs via a long-range Fröhlich coupling. 
where the scattering rate is assumed to zero, α = e 2 / 4πћε 0 c = 1/137 is the fine structure constant, the weight of is order of 1. Hence, the wave-vector of SPPs in graphene is two orders of magnitude bigger than the vacuum wave-vector.
The wave-vector of SPPs in the noble metal, by contrast, is slightly larger than the vacuum wave-vector.
(2) Relatively low losses or longer propagation. In the mid-infrared frequencies, the surface conductivity reaches the minimum, as shown in Fig. 1 . The real part of permittivity in the graphene dominate the imaginary part, resulting in a relatively low damping loss of SPPs and a longer propagation length about hundreds of wavelength of SPPs, comparing to a range of tens of optical cycle for SPPs on metals. (3) Dynamic tunability. From Eq. (5), the propagation of SPPs in graphene is related to the Fermi level which can be tuned by electric field, magnetic field, electrostatic gating and chemical doping in real time. (4) Broadband operation. For the SPPs at the metal/dielectric surface which only works for the frequencies close to the plasma frequency of metal. At terahertz and infrared frequencies, the metal behaves as a perfect conductor with delocalized SPPs. On the contrary, the SPPs can be supported by the graphene from terahertz to near-infrared frequencies by controlling the Fermi level. These unique features make the graphene a promising platform for the active SPP-based nano-optoelectronic devices, plasmonics and transformation optical devices by spatially varying the graphene Fermi level in the terahertz and infrared frequencies. 
SPPs excitation
The major challenge is to efficiently excite SPPs in graphene with a free space incident light due to the large wave-vector mismatch between two waves. Conventional plasmonics approaches, such as the diffractive grating,
shifts the wave-vector of the incident light to compensate the mismatch due to Bragg scattering following the expression of β = sinθk 0 + 2nπ/Λ, where n is the diffraction order, Λ is the periodicity, θ is the incident angle. Fig. 2(a) and (b) show the silicon-diffractive grating-assisted graphene plasmon excitation by guided-wave resonance. are the transmission spectrum under the normal incidence polarized perpendicular and parallel to the gratings lines, demonstrates a resonant dip due to the absorption of SPPs in the graphene (Fig. 2(c) ). It is noted that, to efficiently excite the SPPs, a large coupling length is required (in the order of incident wavelength), which goes against the compactness of the nanodevices and bring a challenge to the nanofabrication.
Another conventional method to excite the SPPs is using the prism coupling,
such as the Otto or Kretschmann configurations, 8 5 , 8 6 ) where the evanescent wave propagates along the metal-dielectric interface, due to the total internal reflection under the condition of the incident angle (θ) larger than the critical angle (θ proposed a tactful configuration ( Fig. 2(d) ) to excite the SPPs in graphene based on the compression of surface polaritons (SPs) on the tapered slabs of a polaritonic material supporting either surface phonon polaritons (SPhPs) or SPPs, as shown in Fig. 2 (e) and (f). The SPhPs or SPPs generating by the prism coupler propagate along the tapered slab and gradu- ally yield a compression of wavelength to match the SPPs in graphene finally. Besides the above methods, the excitation of SPPs is also proposed by coupling the near field of the nano-emitters with graphene.
Typically, the metallized tip of an atomic force microscope (AFM) illuminated by a focused infrared laser beam generates strong evanescent electric fields with a wide range of in-plane momenta which can effectively excite the graphene plasmons. In combination with the scattering-type scanning near-field optical microscopy (s-SNOM),
the SPPs reflected or scattered by the external and internal edges, atomic defects, and boundaries of single-layer or multilayer graphene are visualized including amplitude and phase. Fig. 3(a) shows the illustration of the tip-induced SPPs excitation. Under the illumination of a CO 2 laser with a wavelength of λ = 10.8 μm, the s-SNOM amplitude and phase exhibits the standing waves for SPPs due to the existence of external (transition from single and bilayer graphene) and internal (folds and grain boundaries) defects. The SPPs wavelength (λ s p p ) in single and bilayer graphene are (260 ± 10) nm and (190 ± 10) nm, with a reflection coefficient of , respectively ( Fig.  3(b) ). The SPPs in both sides of the line defects have different wavelength of 240 nm and 260 nm, as well as different reflection coefficients of and 0.55 ( Fig. 3(c) ). The ratio of λ
is in the order of the fine structure constant. Besides, the change of Fermi level can effectively tune the SPPs wavelength. The full amplitude and phase spatially resolved imaging provides nano-scale insight into the local electronic structure and dynamics in graphene. Figure 3 (d) demonstrates the propagating SPPs in graphene excited by the dipole nano-antenna under the incident light (λ 0 = 10.20 μm or 11.06 μm) polarized parallel to the long axis and imaged by s-SNOM with a dielectric Si-tip which passively scatter the near field of the graphene plasmon and gather the cross-polarization with a polarizer in front of the detector. The study shows the efficiency of resonance is enhanced by a factor of 28 compared with the nonresonant antennas. Besides, the wavefront of SPPs can be engineered by the shape of resonant antennas, such as concave and convex extremities (Fig. 3(e) and (f)) . Further, the author demonstrated the propagating direction of SPPs can be controlled by a 2D graphene bilayer prism based on the conductivity patterns 8 4 ) and revealed that the wavenumber in graphene is also influenced by the number of graphene layers (λ
, N is the number of layers) which qualitatively followed the Snell' law ( Fig. 3(g) ). Furthermore, the SPPs in graphene can be visualized by the electron energy-loss (EEL) spectrum imaging 2 2 ) at the atomic scale which offers a platform to study the effect of copyright 2014 by AAAS.
single atom on monolayer graphene sheets and brings the possibilities for designing atomic-scale optoelectronic and plasmonic devices.
SPPs hybridization
So far, we mainly review the excitation of SPPs in monolayer graphene sheet with a large size compared with the plasmon wavelength. Actually, the interaction of spatially separated graphene sheets is also an important subfield of graphene plasmon, because it is not only a fundamental issue but also provides a wider range of application prospects. Fig. 4(a) shows a graphene waveguide splitter. 8 
)
The propagating SPPs in the high doped graphene ( ) are completely transferred to the adjacent graphene by the weak SPPs coupling in the coupling region (top, Fig. 4(a) ). By decreasing the Fermi level of the graphene in the upper or low coupling region to the condition of , where the graphene no longer supports SPPs (middle and bottom, Fig. 4(a) ), the configuration realizes a tunable optical splitter or switch. Then, the author studied the strong coupling of SPPs in the monolayer graphene sheet arrays (MGSA) (Fig. 4(b) ), 8 9 ) which are physically different from the above case with weak coupling and demonstrate interesting properties (Fig. 4(c) ). Beyond that, the SPPs in the monolayer graphene ribbon and the plasmonic hybridization of the spatially separated graphene ribbons are also intensively studied.
The graphene ribbon supports an edge SPPs (ESPPs) with a strongly localized field at the ribbon edges except the waveguide SPPs with the field concentration within the ribbon area. Especially, the graphene ribbon pairs demonstrate a more intensive enhancement of field. Benefiting from the fascinating properties of SPPs in graphene in the terahertz and mid-infrared frequencies, the graphene opens up an exciting opportunity for the active sub-wavelength optics and the extremely compact optoelectronic devices.
Localized Surface Plasmons in Structured Graphene
Properties of LSPs
Different from the propagating SPPs, the LSPs are the non-propagating excitation of conductions of sub-wavelength metallic particles coupled with the incident light. It can be resonantly excited with a light of appropriate frequency and polarization, irrespective of the wave-vector match required in the propagating SPPs. At the plasmon resonant frequency, the LSPs are strongly confined to the surface of sub-wavelength particles and result in a significant electric field enhancement, facilitating to capture the incident light in solar cell and light-mater interaction for sensing applications. In the terahertz and mid-infrared frequencies, the noble metals are too metallic so that the metallic micro-structures suffer from a relatively poor field confinement, going against the non-destructive sensing. Alternatively, the graphene, as an excellent plasmonic material with an adjustable plasma frequency, can be structured into different shapes such as micro/nano-ribbons,
nano-tubes 3 5 ) and disks
which are capable of exploring the tunable LSPs in the terahertz and infrared frequencies. tuned by the electrostatic electrolyte-gating and back-gating configurations working in the terahertz and mid-infrared frequencies, respectively. The extinction spectral in transmission is defined as 1−T/T R , where T is the transmission through the graphene ribbons with an electric field perpendicular to the ribbons, T R is the referenced transmission with different types, such as transmission through substrate without graphene ribbons, 3 4 ) transmission through graphene ribbons at the charge neutral point copyright 2012 by AIP Publishing, (b) and (c) used with permission from 8 9 ) copyright 2012 by American Physical Society.
(CNP) 3 2 ) and transmission through graphene ribbons with electric fields parallel to the ribbons. The extinction spectral indicates a strong absorption and exhibits a prominent peak at the LSPs resonance. The frequency and strength of the maximum absorption can be tuned by the bias voltage, which clearly demonstrates a plasmon tunability through electrical gating, as shown in Fig. 5(c) . In particular, when the duty ratio is below 0.5, the coupling of the graphene ribbons is negligible that the resonant wavelength of LSPs is identical to the case of isolated ribbon. 9 2 )
The resonant wavelength of LSPs approximately satisfied ,
where w is the width of ribbon, m is the number of nodes with zero fields. Substituting Eq. (6) into Eq. (7), we can conclude the resonant wavelength is related to the ribbon width and the carrier concentration following the scaling behavior of (Fig. 5 (d) and 5(e)), which is different from the conventional twodimensional electron gas (2DEG), where . Note that the LSPs can be further influenced by the shape of particles, the distance between particles and the number of layers.
However, in the monolayer graphene, LSPs resonance depending on the carrier concentration is usually very weak, which leads to a limited modulation depth of frequency and strength (ΔA ~ 10%) by varying the Fermi level of graphene. Recently, the multilayer graphene/insulator structures, 3 7 ) shown in Fig. 5(f) , demonstrates a larger tunability. The absorption strength is greatly enhanced (ΔA 5 0%) and the resonant frequency is blue-shift with the increasing number of graphene disk (Fig. 5(g) ). These phenomena are similar to the case of the monolayer graphene with the rise of carrier concentration or Fermi level. For the copyright 2012 by Nature Publishing.
multilayer graphene/insulator stacks, the resonant wavelength of LSPs needs to be taken the layer number into consideration and scaled as ( Fig. 5(h) ), leading to a relatively large tunable range compared with the monolayer graphene. In addition, the resonant wavelength of LSPs is significantly influenced by the Coulomb interactions among graphene disks, as shown in Fig. 5(i) .
Although the multilayer graphene structure can realize a relatively large tunable range, the complicated preparation method limits the development of particle applications. Therefore, we will focus on the applications using the monolayer structured graphene in the following of this section.
Modulation depth of graphene absorption
A simple situation is first considered where the incident wave at an angle θ 1 moves from a medium of refractive index n 1 to a second medium of refractive index n 2 . A monolayer graphene with the surface conductivity of σ s at the interface between two dielectrics is treated as a zero thickness conductive film. The transmission and reflection coefficients for TE and TM polarized waves can be expressed by the modified Fresnel equations: 
). Based on the conditions of the extreme value for two variable functions, the maximum absorbances for TE and TM polarizations are
. (13) where and is the relative permittivity. In the case of the normal incidence, Eqs. (12) and (13) are the same and equal to , (14) when the imaginary part of conductivity Im(σ (12) and (13), it is possible to achieve a perfect absorption, when the incident angle is larger than the critical angle (θ
, where the transmission wave is suppressed and converted into the evanescent wave absorbed by the graphene. Note that the maximum of absorbance is just a theoretical upper limit which does not contains any clues about how to structure the materials or whether some material is possible to achieve it. For example, there is an upper limit absorbance of 50% (100% for coherent absorption 9 5 ) ) under the normal incidence with the symmetric configuration (i.e. n 1 = n 2 = 1.0).
However, it is impossible for the continuous graphene with A m a x = 50% in terahertz and infrared frequencies because the requirement of the surface conductivity including the real and imaginary parts cannot be satisfied simultaneously.
Alternatively, the structured graphene (ribbons, disks) or graphene/metasurface has more freedom degrees to tailor the surface conductivity, facilitating to realize the theoretical upper limit (Fig. 6(a) ). The effective surface conductivity can be extracted by the S parameter defined between two ports equals to . However, the theoretical study shows that the structured graphene only reach an absorption maximum in the limited incident angle due to the critical coupling ( Fig. 6(b) ). 9 
)
Besides, the light transferred from the vacuum to medium n 1 undergoes a reflection loss in the actual situation that it is not a real perfect absorption.
To obtain the perfect absorption, the structured graphene or the graphene/metasurface on the top of a metallic ground plate separated by a thick dielectric spacer is adopted (Fig.  6(c) and (e)). Based on the modified Fabry-Perot interference, we can get the total reflection coefficient as (17) where r 
is the phase accumulation upon the propagation through dielectric. Due to the thick metallic plate in the back of dielectrics, there is no transmittance (T = 0). Therefore, the absorbance is a function of the effective surface conductivity and the phase accumulation ϕ. For example, the absorbance under the normal incidence reaches the maximum value when the conditions of and are satisfied simultaneously which can be easily realized by adjusting the thickness of dielectrics (Fig. 6(c) ). Importantly, the perfect absorber consisted of composite structure realizes an omnidirectional absorption (Fig. 6(d) ) compared with the angle sensitive absorption from prism coupling (Fig. 6(b) ). By varying the surface conductivity (or doping), the frequency and strength of the perfect absorber can be modulated in real time (Fig.  6(f) ). 
Electromagnetic applications
Except for the tunable ability of amplitude, the structured graphene is also capable to tune the phase and reshape the wavefront. For example, the graphene tailored into biaxial anisotropic nanoparticles can demonstrate different phase shifts along two principal axis due to the LSPs resonances. As a result, it can be utilized for polarization converter and optical activity. Besides, the dynamic tunability of the effective surface conductivity by Fermi level further modulates the phase shift and amplitude for applications. For example, the asymmetric graphene nano-crosses (Fig. 7(a) ) at Fermi level of 0.75 eV, demonstrate two distinct resonances with near 100° phase abrupt under the normally incidence with polarizations along x-and y-directions. At the wavelength of 7.92 μm, the transmission amplitude is equal and the phase difference approaches 90° between the x and y components, indicating a quarter wave plate under the linearly polarized wave with a polarization angle of 45°. Besides, the transmission phase difference is always 0 at 7.85 μm and 7.99 μm, indicating an optical activity. By varying the Fermi level, the structured graphene nano-crosses can realize a transition between a quarter wave plate and optical activity.
In addition, the structured graphene scatters with the desired phase (varying geometric parameters or Fermi levels) can be properly arranged to reshape the wavefront and realize many functionalities in ultrathin devices, such as flat lens, anomalous reflection and refraction. The study shows that the transmission phase almost realizes a full coverage by controlling the Fermi level of the graphene ribbons for a normally incident light polarized perpendicular to the nano-ribbons. 4 
)
When two parallel graphene nano-ribbons are chosen as the unit cell, the transmission amplitude keeps uniform despite of the different Fermi levels. Hence, we can reshape the wavefront, i.e. anomalous refraction and lens ( Fig. 7(b) and (c) ) by arranging the distribution of nanoribbons with required Fermi levels. Besides, the structured graphene can be designed for the reflection modes
( Fig.  7(d) and (e) ) or the circular polarized wave based on the Pancharatnam-Berry (P-B) phase 4 4 ) which is more suitable for broadband operation and multi-functions.
Graphene/Metasurfaces
5.1. Graphene/metallic metasurfaces As mentioned above, the modulation depth of the graphene sheets, including frequency, amplitude and phase, usually exhibits a very limited tuning range due to the fact of a single atomic layer. One way to overcome this problem is using the structured graphene with the LSPs resonances in the THz and infrared frequencies, as mentioned above. Another effective solution is using the hybrid graphene/ metallic metasurfaces because the metasurfaces offer an
enhanced light-mater interaction from the terahertz to the visible frequencies. The main drawback of the metasurfaces is that they are passive, i.e. the optical properties are fixed after fabrication. Therefore, the hybrid graphene/metasurface follows from their complementarity and demonstrates a more powerful application. In the terahertz frequencies, the surface conductivity of graphene is mainly derived from the intra-band transitions. The imaginary part of the permittivity dominates the real part, that is, the intrinsic losses caused by the intra-band transitions play an important role in the optical properties of graphene. By varying Fermi level, the surface conductivity of graphene demonstrates a largely tunable range, facilitating to realize a deep amplitude modulation when it is combined with the metallic metasurface of strongly localized in-plane field. Fig. 8(a) shows the metal gratings with a high duty ratio, where the localized electric fields in the slits are greatly enhanced (Fig. 8(b) ) and the frequency is independent under the normal incidence with polarization perpendicular to the gratings. The constructive interference between the coherent radiations from the oscillating local fields produces a high transmission. Therefore, the optical response of graphene/metallic gratings possess a broadband and deep modulation capacities (Fig. 8(c) ). The change of transmission is mainly derived from the graphene absorption (18) where S is the graphene area, E i n c
is the electric field competent of incidence and η = E/E i n c is the enhancement factor. From the Eq. (18), a large modulation depth can be obtained by greatly enhanced field despite of a little quality of surface conductivity. Beyond that, metallic resonators can exhibit strongly enhanced local fields for terahertz modulation by controlling the Fermi level of graphene, such as the splitring resonators (SRRs) with electric resonance,
the sandwich structure with magnetic resonance 6 6 ) and the asymmetric structures with Fano resonance. In the mid-infrared frequencies, the graphene behave as a plasmonic material with a low loss, that is, the real part of the graphene permittivity dominates over the imaginary part. The optical response of the graphene/plasmonic metasurface is mainly reflected in the change of the resonant frequency by varying the Fermi level of graphene. Fig. 8(d) shows the asymmetric -shape plasmonic resonators which can exhibit high-sole asymmetric Fano resonances with a strong field enhancement when the incident polarization is parallel to the vertical resonators.
The Fano resonance is derived from the interference between a narrow resonance (dark mode, quadrupole resonance) and a broad continuum of states (bright mode, dipole resonance), leading to an enhanced transmission and a reduced reflec- tion.
As shown in Fig. 8 (e) and (f), the introduction of graphene to the metasurface significantly changes the frequency of Fano resonance, which can be evaluated by the perturbation theory and expressed as
where is the stored energy of the given mode. In the mid-infrared frequencies, the surface conductivity has a largely tunable range, endowing the broadband modulation of resonant frequency and resulting in a deep modulation of amplitude or phase at a certain frequency which can be used for optical switch, modulator and photonic applications.
In the near-infrared frequencies, the inter-band transitions become the decisive factor and give rise to considerable losses which can be utilized for the amplitude modulation. As shown in Fig. 1(a) , the surface conductivity of graphene has a maximum of e 2 /4ћ and produces a considerable losses of 2.3% at near-infrared frequencies. The limited varying range of the surface conductivity for isolated graphene sheet constrains the modulation depth. Therefore, the metasurfaces which offer a remarkable local field enhancement to the critical coupling with the tunable graphene are proposed. Fig. 8(g) shows a hybrid graphene/gold nano-rod device which can be efficiently controlled by the Fermi level due to the strongly confined the electric field in the vicinity of surface at the LSPs resonance. The Rayleigh scattering spectra, demonstrate the efficient electrical modulation of plasmon resonance (6%) at near infrared frequency utilizing the strong and tunable inter-band transitions in graphene (Fig. 8(h) and (i) ). The change of amplitude can be obtained by . To further improve the modulation depth in the near infrared frequency, the graphene should interact with high quality factor (Q-factor) resonances, such as the Fano resonances emerged in the asymmetric structures or plasmonic clusters. 4 6 , 6 8 ) Note that high Q-factor resonance usually accompany with a narrow bandwidth which demands the nearinfrared detector with a high resolution in reverse.
Graphene/dielectric metasurfaces
In the above content, we mainly focus on the hybrid graphene/metallic metasurfaces. In the near-infrared and optical frequencies, however, the non-radiative losses in metal lead to a low Q-factor resonance and a limited modulation depth.
Alternatively, the dielectric metasurfaces with high refractive index dielectric particles embedded in a low index matrix can support different order electric and magnetic resonances with an extremely low intrinsic losses based on the Mie theory. For example, the asymmetric structures, such as asymmetric Si-based II-shape and π-shape resonators,
demonstrate a high Q-factor Fano resonances and a strongly localized field enhancement in the gaps, facilitating to the depth modulation by varying the Fermi level ( Fig. 9(a) ). Similarly, the asymmetric periodity also has the same functions as the asymmetric structure. but it also brings a challenge to a high machining precision and a higher Fermi level to realize high transmission, which makes the conventional gating configuration not suitable any more. Up to date, the experimental demonstration of dynamic tunability via graphene/dielectric metasurface has not yet been emerged. Another solution to realize a broadband or deep modulation is using dielectric waveguide or photonic crystal which supports the guided mode or optical cavity resonance with the electric field confined in vicinity of surface. Fig. 9(c) shows the graphene/dielectric waveguide device which exhibits a large modulation depth of 0.1 dB μm -1
( Fig. 9(d) ) and a broadband modulation range from 1.35 μm to 1.6 μm. By introducing defects in the photonic crystal, as shown in Fig. 9 (e), the localized field are greatly enhanced near the region of defects. The hybrid graphene/2D photonic crystal demonstrate a 6 dB modulation for the cavity resonance with 1.5 nm line width in reflectivity, as shown in Fig. 9(f) .
In addition to the above mentioned applications of optical modulator or switch, the graphene integrated with nanoparticles with the greatly enhanced local fields are also promising applications for the optical bistability, superscattering effect and enhanced photo-detection. 
Conclusions and Outlook
Graphene combines many superior properties from mechanical to electronic, has attracted intensive research interests from different fields. Owning to the high carrier mobility and tunable carrier concentration, graphene opens up an copyright 2015 by The Optical Society, (c) and (d) used with permission from 1 6 ) copyright 2011 by Nature Publishing, (e) and (f) used with permission from exciting opportunity to high performance applications, such as plasmonics, optoelectronic devices based on graphene plasmons. Different from noble metal plasmons in range of visible frequencies, graphene plasmons operate from terahertz to mid-infrared frequencies and demonstrate an extremely high confinement, facilitating to light-matter interaction for quantum optics, chemical identifications and biosensors. Importantly, the tunable surface conductivity makes graphene a wider application prospect. Graphene integrated with silicon-based optical circuit can dynamically manipulate the amplitude, phase and polarization of light, promising applications for optical communication and optical computing. Besides, graphene can couple with metasurfaces of enhanced local electric field to improve the optical modulation depth.
The behavior of graphene plasmons is tightly associated with the graphene itself. Large-scale grown high quality graphene is desirable in many applications and has been realized by chemical vapor deposition (CVD) on copper foils and films. However, the following transfer process is usually very complicated and need be optimized to minimize the damage to graphene. Another important challenge is the fabrication of structured graphene with fine control of shape and quality which will significantly influence the graphene plasmons.
Note that except for the graphene, many 2D materials, such as black phosphorus, molybdenum disulfide and topological insulators, also demonstrate the similar or even preferable electrical and optical properties which can be used to explore the tunable collective optical oscillations.
